The unusual life history of bagworms, Metisa plana (Lepidoptera: Psychidae), with females completing all reproductive activity within a bag they construct as larvae, makes them ideal subjects to quantify intraspecific variations of reproductive success. This study investigated the relationship between body size and reproductive output of females, and tested the hypothesis that size-dependent variations of fecundity affect inter-generational variations of population density. Body size attained by female larvae at pupation (assessed by measuring the length of the pupal bag) was positively correlated with several parameters of reproductive output, including weight of pupae, weight and potential fecundity of calling female, as well as weight and realized fecundity of mated females. Our results further suggest that females allocate about two thirds of the resources they accumulate as larvae into egg production, and that a significant proportion of eggs are cannibalized by sibling neonates. In cage experiments, density of larvae in offspring generations on individual nursery palms was not affected by the size of females in parental generations. This result suggests that body size of females may not affect inter-generational variations of population density when potential resource depletion of host plants promotes a high incidence of dispersal among neonates.
INTRODUCTION
In several herbivorous insects, body size of females is positively correlated with fecundity (Honek, 1993) , and recent studies suggest that size-dependent variations of reproductive success among females influence their population dynamics (Wall and Begon, 1987; Ohgushi, 1996; Tammaru et al., 1996) . Testing this hypothesis under natural conditions has proven difficult, however, because winged insects are small and highly mobile, and it is difficult to follow individuals throughout their lifespan to estimate their reproductive output. To date, only a few studies have investigated intraspecific variations of lifetime reproductive success in natural populations of herbivorous insects (Cushman et al., 1994) . The reproductive biology of insect species with nondispersing females provides an opportunity to investigate intraspecific variations of reproductive success in relation to population dynamics. Individual variations of realized fecundity have been quantified in field populations of insects with flight-less females (Barrows, 1974; Mason et al., 1977; Williams et al., 1990; Rhainds et al., 1995 Rhainds et al., , 1999 Sopow and Quiring, 1998) , but these studies did not quantify the relationship between size-dependent variations of female reproductive output and density of larvae in offspring generations.
The bagworm, Metisa plana (Walker), is a major defoliator of oil palm in Southeast Asia (Wood, 1968; Basri and Kevan, 1995) . Bagworms have an extremely unusual life history which is here illustrated with photographs. Neonatal larvae envelop themselves in a self-constructed bag made of plant material; the bag is enlarged throughout larval development ( Fig. 1A, B ). One major mode of dispersal involves ballooning by larvae that suspend themselves from a silken thread to be wind-dispersed to surrounding hosts (Fig. 1C ). When larvae have completed development, they tightly attach the anterior section of the bag on folioles of palm leaves and pupate head downward ( Fig. 1D ). Shortly before emergence, the male thrusts the head and thoracic segments of his pupal case through the posterior end of the bag; upon dehis-cence of the anterior part of his pupal case, the winged male emerges and is sexually active shortly thereafter ( Fig. 2A ). The sexually mature female, in contrast, does not leave her pupal case and bag; for attraction of mates, the female dehisces the anterior part of her pupal case and releases pheromone-impregnated scales into the lower end of the bag (Fig. 2B ). The female is apterous, and most of her body consists of an abdomen full of eggs (Fig. 2C, D) . Upon landing on the bag of a receptive female, the male inserts and extends his abdomen through the posterior bag opening into the pupal case to reach the female's genitalia for copulation ( Fig. 2E, F ). Almost immediately after mating, the female lays eggs in the posterior section of her pupal case ( Fig. 2G ). Neonatal larvae ( Fig. 2H ) emerge synchronously from the posterior end of their maternal bag, and either remain on their natal host or suspend themselves from a silken thread to be wind-dispersed to surrounding hosts (Fig. 2I ).
The unusual life history of bagworms, with apterous females completing all reproductive activities within a bag, makes them ideal subjects to quantify size-dependent variations of fecundity in relation to population dynamics. Our study was conducted to quantify the relationship between body size and reproductive success using several parameters of fecundity, and to investigate whether size-dependent variations of reproductive output influence inter-generational variations of population density in offspring generations.
MATERIALS AND METHODS
Experiments were carried out at Golden Hope Oil Palm Research Station, 10 km from Banting, Selangor, Malaysia (3°N, 101°E). Commencing at the onset of pupation in early May 1999, pupal bags of female M. plana were collected every week from 3-year old, 3 to 4 m tall oil palms in a commercial plantation located in Sungei Buayah, 6 km from the Research Station; the population of bagworms in Sungei Buayah was characterized by discrete, non-overlapping generations, with most individuals being in the same developmental stage. Field collection of pupal bags was completed in late May, before neonatal larvae had emerged from their maternal bag. Each collected bag was measured to the nearest 0.1 mm using a caliper. After incision of bags, females were classified as either pupa, calling adult (presence of a live female in a ruptured pupal case), or mated adult (presence of eggs or neonates in pupal case); bags containing dead pupae or unmated females were discarded. Parameters of reproductive success were assessed as follows: 1) pupae were weighed to the nearest 0.1 mg; 2) calling adults were removed from their pupal case, weighed to the nearest 0.1 mg, and dissected to count the number of eggs in their abdomen; 3) pupal cases with eggs laid by a mated female were weighed to the nearest 0.1 mg, and the number of eggs was counted; and 4) neonates emerging from the pupal case of mated females were counted. Pupal bags were kept individually in gelatine capsules at the onset of larval emergence, in order to prevent movements of neonates between bags. When assessing weight of egg masses, the weight of the empty pupal shell was negligible (Ͻ1%) in comparison with the weight of the actual egg mass. In total, length of bags and parameters of reproductive success were assessed using 66 bags with a pupa, 115 bags with a calling female, 167 bags with eggs laid by mated females, and 102 bags with neonates.
A cage study was carried out at the Research Station shortly before the onset of larval emergence (25 May 1999). Pupal bags of female M. plana collected in Sungei Buayah were suspended from leaves of 9 month old nursery palms stocked in polyethylene bags (38 cm in circumferenceϫ46 cm high). In total, eight palms were infested with four pupal bags, eight palms with eight pupal bags, and six palms with 12 pupal bags, with half the palms infested with small females (bagϽ13 mm long) and the other half with large females (bagϾ 13 mm long). Nursery palms were then placed individually inside screen cages (1ϫ1ϫ1.5 m high) which were kept on a bench (15ϫ1ϫ1 m high); a coating of grease applied to the legs of each bench prevented ants from preying on bagwoms. After 3 weeks, early instars on each nursery palm were collected, and pupal bags opened to determine mortality during the pupal stage, emergence status, and mating success of females (Rhainds, 2000) .
Statistical analyses were conducted using the SAS statistical package (SAS Institute, 1988) . Length of pupal bags, weight of individuals, and number of offspring were compared for female pupae, calling females, eggs or neonates using analysis of variance followed by Scheffé's test. Correlation analyses were used to assess the relationship between length of pupal bag and various parameters of reproductive success. Analysis of covariance was used to assess the impact of density and size of mated females on the incidence of larvae per nursery palm, treating density of mated females as a continuous covariate and size (small or large females) as a class variable. In all analyses, pϽ0.05 level of significance was used.
RESULTS
The length of pupal bags that contained either a live pupa, a calling female, an egg mass or neonates did not significantly differ (Fig. 3A) . The weight of live pupae and calling females was similar, and in both cases exceeded that of egg masses laid by mated females (Fig. 3B ). Weights of live pupae, calling females, and egg masses were all positively correlated with length of pupal bags (Fig. 4) ; the relationship between bag length and mean weight per egg was not significant (rϭ0.038, pϭ0.627). The potential fecundity of calling females (assessed by the number of eggs inside their abdomen) did not significantly differ from realized fecundity of mated females (assessed by counting eggs laid in their pupal case) (Fig. 3C) . The weight and potential fecundity of calling females were highly correlated (rϭ0.789; pϽ0.0001). Low incidence of unhatched eggs inside pupal bags containing neonates (Ͻ1%; see also Basri, 1993) suggested that most eggs were fertile; however, the number of neonates inside pupal bags of mated females was significantly lower than the number of eggs laid by females ( Fig. 3C ). Potential fecundity of calling females, realized fecundity of mated females, and number of neonates inside bags of mated females were all positively correlated with the length of pupal bags (Fig. 5 ). In the cage experiment, density of larvae per nursery palm in offspring generations increased with number of mated females in parental generations, but was not affected by either size of females or the interaction between size and density of females (Fig. 6) .
DISCUSSION
Positive relationships between body size and reproductive output of females are common in insects (Honek, 1993) , but size-dependent variations of fecundity do not necessarily have a significant impact on population dynamics. Experiments eval-uating the effect of body size on potential and realized fecundity under laboratory conditions may have no practical implications under natural conditions, because fecundity of females may be predominantly affected by factors other than body size, such as environmental conditions, host-plant species, age at mating, and longevity (Leather, 1988) . Under laboratory conditions, large female spruce budworms, Choristoneura fumiferana (Clem.) (Lepidoptera: Tortricidae), lay more eggs than small ones; when females are collected in the field, however, body size does not affect fecundity (Robinson et al., 1998) . Failure of females to lay their full complement of eggs is a key factor regulating fluctuations of population density in the Lepidoptera (Dempster, 1983; Stiling, 1988) . A positive relationship between body size and realized fecundity in natural conditions may be most prevalent in insect species with sessile females that do not feed as adults, oviposit shortly after emergence, and convert most of their resources into a single egg mass (Tammaru et al., 1996; Sopow and Quiring, 1998) .
Apterous female bagworms reproduce within a self-constructed bag, and completely rely on larvalderived resources for egg production. Body size attained by larvae at pupation (estimated in this study using length of pupal bags) is a significant component of female reproductive success; in comparison with small females, female larvae that attained a large size at pupation were heavier as pupae and adults, yielded heavier egg masses, had more eggs in their abdomen, laid more eggs in their pupal case, and sired more larval offspring ( Figs. 4 and 5) . Similar weights of females at pupation and eclosion (Fig. 3B ) suggests limited use of larval-derived resources during the pupal stage, which may be attributed to the relatively simple morphology of wingless females with extremely reduced head and thoracic segments (Fig. 2C) . The average weight of egg masses (12.3 mg) was one third lower than that of calling females (18.7 mg), indicating the level of larval-derived resources not allocated to eggs (Fig. 3B ). Similar numbers of eggs inside the abdomen of virgin females and of eggs laid inside pupal cases (Fig. 3C) indicate that females lay most of their egg complement upon mating. The difference between average numbers of eggs laid by females (105) and of emerging larvae (90) (Fig. 3C ) suggests that about 14% of eggs may either be cannibalized by sibling neonates or be unfertile, although low incidence (Ͻ1%) of unhatched eggs suggests a high level of egg viability.
Upon emerging from their maternal bag, neonate M. plana either remain on their natal host or balloon to be wind-dispersed to surrounding hosts ( Fig. 2I ; Rhainds et al., 1998 Rhainds et al., , 2002 . In the cage experiment, density of larvae increased with the number of mated females per nursery palm, but was not affected by the size of females (Fig. 6 ). The latter result is surprising considering that body size of female M. plana is positively correlated with reproductive output (Figs. 4 and 5) . In comparison with the average number of neonates emerging from their maternal bag (90; Fig. 5 ), average density of early instars per mated female on nursery palms was low (17; Fig. 6 ). This result suggests that a majority of larvae perished, possibly while ballooning from nursery palms; mortality among dispersing early instar bagworms is high, especially when they balloon before enclosing themselves in a self-protecting bag (Fig. 2I ; Cox and Potter, 1986) . In our study, low (size-independ-ent) reproductive output of female bagworms may be attributed to potential depletion of food resource affecting realized fecundity of females (Smits et al., 2001) . Nursery palms have relatively low carrying capacity and may support the development of few larval M. plana, thereby promoting dispersal among neonates; conditions associated with overcrowding of oil palm, such as high population density and defoliation level, enhance the incidence of ballooning among M. plana larvae (Rhainds et al., 1997 (Rhainds et al., , 1998 (Rhainds et al., , 2002 . We hypothesize that: 1) body size of female bagworms may not affect density of larvae on their natal host when attributes of oil palm promote dispersal (and mortality) of larvae, and 2) size-dependent variations of fecundity may be an important component of population dynamics when a majority of larvae remain on their natal host, or when ballooning larvae readily encounter suitable food sources, such as may be the case on mature oil palms with dense, overlapping foliage.
These hypotheses remain to be tested experimentally, because they were not explicitly addressed in our cage experiment. In addition, further cage and field experiments may be needed to rigorously assess the impact of size-dependent reproductive output of female bagworms on population dynamics and inter-generational variations of population density.
